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localized and dynamic nature of translational control at neuronal synapses, and the challenge of obtaining material that is highly enriched in FMR1-containing RNPs may have contributed to the difficulty in defining FMR1 target genes (21) (22) (23) . We reasoned that mature, quiescent Drosophila oocytes, which must exclusively utilize stored mRNAs because transcription is absent, might provide a powerful system for studying FMR1 function in a physiologicallyrelevant context. Drosophila oogenesis is highly amenable to studying completed, quiescent follicles, since follicles develop sequentially in ovarioles that under appropriate conditions store up to two mature follicles for several weeks. New follicles are continuously produced from stem cells and develop up to stage 8, at which point they are either recycled or allowed to mature if space for another mature follicle is available in the ovariole and dietary nutrients are adequate (Fig. 1A) . We found that providing newly eclosed female flies with protein-rich yeast paste for only one day in the absence of mating caused a single wave of two mature follicles per ovariole to develop past the stage 8 checkpoint and go into storage as quiescent follicles ( Fig 1B) . These finished follicles are maintained in the ovary indefinitely, although a minority slowly turn over and are resorbed or laid. Crucially, no new mature follicles developed from stage 8 follicles for at least two weeks (Fig 1B) . To test the developmental competence of the stored oocytes at any age, males can be provided, causing stored oocytes to be ovulated and fertilized, after which they are scored for successful embryogenesis as indicated by hatching into larvae. This protocol allowed us to study mature follicles that had been stored in the quiescent state within the ovary of a living fly for a known period of between one day and two weeks.
We tested the function of specific genes during oocyte storage by depleting their transcripts using germline-specific GAL4-driven RNAi, which is produced throughout oogenesis starting in the germline stem cell. Genes required specifically for follicle storage could be recognized because their knockdown follicles would lose developmental capacity more rapidly than wild type follicles during a period of prolonged storage, but would not differ from controls without extended storage. Consequently, we depleted Fmr1 mRNA or several other candidate gene transcripts in oocytes during a storage period of one day or ten days ( Fig. 1C) . In most gene knockdown lines and in wild type controls the hatch rate was nearly 100% after one day of storage, and only dropped slightly to 80% after 10 days of storage ( Fig 1C) . In contrast, Fmr1-depleted oocytes generated embryos that hatched normally after one day of storage, but developed only 20-30% of the time following ten days of storage (Fig 1C) . Germline Fmr1 RNAi drastically reduced Fmr1 mRNA levels (Fig. S1 ), and antibody staining confirmed that FMR1 protein was effectively depleted throughout oogenesis specifically in germ cells but not in somatic cells (Fig. 1F) .
We validated the Fmr1 requirement of quiescent, stored oocytes by asking if oocyte viability drops continuously over time without Fmr1 (Fig. 1D ). The hatch rates of eggs derived from Fmr1 RNAi follicles on day 1 were comparable to controls at 100%, and fecundity was little affected without storage (Fig. 1E) . However, the hatch rate fell progressively after storage for 4, 7 and 10 days (Fig 1D) . Importantly, the hatch rate after ten days could be fully restored by re-feeding the mother for three days, which caused the remaining stored follicles to be laid, and new mature follicles which had never been stored to develop from stage 8 for testing (Fig 1D) . Thus, germline Fmr1 RNAi under the conditions used does not significantly impair stem cells or general follicle development, or compromise hormonal or other non-autonomous aspects of female reproductive function. This differs from Fmr1 mutants which lose stem cells and produce fewer follicles (19, 24) , presumably because germline RNAi does not block Fmr1 function in niche cells and other somatic cells that cause these effects. Thus, germline Fmr1 RNAi generates finished oocytes lacking FMR1 as they begin storage, which shortens oocyte viability in the ovary.
We analyzed embryos derived from control and FMR1-deficient oocytes to investigate why FMR1 depletion causes oocytes to prematurely lose their developmental potential. Embryos from control oocytes developed normal nervous systems regardless of prior storage, as shown by staining using a broadly expressed neural marker ( Fig. 2A,B) .
The same was true of embryos derived from Fmr1 RNAi oocytes after one day of storage (Fig. 2C) . In contrast, more than 50% of embryos derived from FMR1-deficient oocytes stored in the ovary for ten days developed a severely abnormal nervous system (Fig. 2D,H ).
While 100% of embryos derived from aged control oocytes appeared normal (Fig. 2E) , ventral nerve cord-specific labeling showed missing commissures and breaks in the longitudinal connectives in embryos derived from follicles lacking FMR1 during ten days of storage (Fig. 2F) . Embryos with perturbed nervous system development appeared developmentally normal in other aspects, for example undergoing dorsal closure in a manner similar to wild-type embryos (Fig. S2) , indicating that the neuronal defects were not due to a generalized deterioration in embryonic function. The severe neural defects were also not just due to an accelerated rate of generalized oocyte deterioration caused by Fmr1 knockdown.
We never observed comparable neural defects in embryos derived from normal eggs even when they were stored for longer periods until only 22% of embryos developed to hatching (Fig 2G) . Somehow reducing oocyte FMR1 function during egg storage specifically and massively increases the probability an embryo derived from the oocyte will develop with a compromised nervous system. In order to investigate how Fmr1 maintains stored follicles and preserves their ability to generate a normal nervous system, we examined translation in wild type and FMR1-depleted ovarian tissue. We developed a ribosome profiling protocol based on (25) as described in supplemental methods to directly quantify Fmr1-dependent changes in translation in an unbiased, genome-wide manner. Flies were treated to induce the storage of mature follicles and analyzed after 1-2 days in order to identify initial translational changes in healthy Fmr1 knockdown oocytes prior to a reduction in their viability. Although it was necessary to analyze whole ovaries to get enough material for profiling, most of the analyzed ribosomes should still derive from the two stored stage 14 follicles, compared to the much smaller stage 8 and earlier follicles in each ovariole. Interestingly, the ribosome footprints and transcript levels of the vast majority of mRNAs were unaffected by the knockdown of germline-Fmr1 (Fig 3A,B) , inconsistent with the idea FMR1 plays a general role in translational control or mRNA stability during storage.
We identified statistically significant oocyte target genes by analyzing seven independent ribosome profiling measurements of FMR1 germline RNAi (using both line 1 and line 2) and four independent measurements of control profiles (Fig. 3C ). 220 oocyteexpressed genes, including Fmr1, were significantly reduced in expression and 34 genes showed more expression in FMR1 RNAi compared to control (Table S1, S2). Except for Fmr1 itself, the significantly altered genes changed relatively little, only 1.5-2.5-fold.
However, an exceptionally high fraction of the downregulated genes, at least 37/219, are orthologs of human genes that have been implicated in human neuro-developmental syndromes (Table S3 ).
The twenty most significantly downregulated oocyte genes include many well known genes associated with human intellectual disability syndromes and autism (Fig. 3D) . For example, the neurofibromatosis gene, Nf1, which is associated with cognitive and behavioral disorders and neural tumors (26, 27) , was reduced 2.3-fold. Ctrip, encoding a HECT-domain E3 ubiquitin ligase whose human homolog Trip12 is associated with intellectual disability and autism (28, 29) , was reduced 2.1-fold. The gene encoding the N-end rule E3 ligase adaptor POE was reduced 1.9-fold; Poe's human homolog Ubr4 was recently implicated in early onset dementia (30) . The production of HUWE1, another HECT-domain E3 ubiquitin ligase linked to idiopathic intellectual disability and schizophrenia (31, 32) was reduced 1.9-fold. Prosap, encoding a postsynaptic density scaffolding protein, was reduced 1.5-fold. Its human orthologs Shank 1/2/3, are associated with autism, intellectual disability, and schizophrenia (33, 34) . Moreover, homologs of several other dominant autism/disability genes were also substantially reduced, including Arid1B, Rere, Brwd3, Med12, Btaf1, Depdc5, Hdc, YY1, and Cyfip1 (Table S2 ). Since mutations in these genes are dominant (35), a two-fold reduction in expression is potentially significant, even for a single target. Fig. 3D , Ana3/Rttn, IntS1, Shtd/Anapc1, and Faf/Usp9Y have been linked to human recessive neurodevelopmental syndromes and autism (35) . Homologs of many additional human genes associated with recessive neural defects were also significantly reduced, including Anapc1, Dmxl2, Brd4, Mpp6, Mkl2, Stxbp5, Pi3k3g, Atrx, Phrf1, Ep400, Sbf1, Usp45, Taf1, and Tbc1d31 (Table S3 ). The reduced production during oocyte storage in the absence of full FMR1 function of so many genes important for nervous system development provides a highly plausible explanation for why stored FMR1 RNAi oocytes lose the ability to support embryonic nervous system development.
Several other genes in
To verify that our ribosome profiling measurements identify genes whose translation is actually reduced in Fmr1 RNAi oocytes, we generated polyclonal anti-POE antibodies and obtained an antibody specific for INTS1. We carried out quantitative Western blotting (Fig.   3E ,F), and calculated that both proteins showed reductions in stored oocytes lacking FMR1 function closely similar to those determined from ribosome profiling experiments ( Figure   3G ; Figure S5 ). Almost all of the affected proteins are much larger than the average Drosophila protein ( Fig   3D) . Whereas only 2.7% of all Drosophila proteins contain 1750 or more amino acids, more than half (21/37) of the genes in Table S3 are at least this size (p-value 4.4 x 10 -89 , Chisquared test).
Moreover, there was a striking correlation between protein size generally and a requirement for FMR1 during storage (Fig 3H, Fig. S3A ,B). At least 40% of proteins with greater than 2,000 amino acids showed a significant FMR1 requirement, and the entire fold change plot was strongly skewed even for smaller proteins 750-1000 amino acids (Fig 3H,   Fig. S3A ,B). In contrast, protein abundance was uncorrelated; FMR1 stimulates mRNAs across all expression levels (Fig. S3C, D) . The human homologs of the neurodevelopmental genes that require FMR1 are also exceptionally large, and strongly correlated in size to their Drosophila counterparts (Fig. S6) . Conversely, the few genes upregulated in FMR1 RNAi were all quite small (Fig. S4A,B) , and their homologs were not associated with neurodevelopmental disease genes.
Large stored mRNAs might be harder to translate if processivity is reduced. To test for reduced processivity, we examined the distribution of ribosome footprints across the length of several large mRNAs whose translation is reduced in FMR1 RNAi. Contrary to the prediction of the processivity model that footprints would show little difference at the amino terminus but decline sharply toward the C-terminus, we observed a uniform reduction in footprints across the entire coding sequence (Fig 3I) . We found that the length of a transcript's coding sequence contributed most strongly to a translational requirement for Fmr1, along with smaller contributions from the 5' and 3' untranslated regions (Fig S4C,D) .
Since FMR1 affects the translation of 37 genes important for neural development based largely on a general characteristic (size), and since each target is reduced by a relatively small amount, one might expect that the effect of any given target gene would be incremental. To test if an individual target gene might itself be functionally required to maintain Drosophila oocytes in storage, we selected the Poe/Ubr4 gene encoding the largest putative Fmr1 target. Poe mutant Drosophila share multiple phenotypes with Fmr1 mutants, including male sterility, inability to fly, and increased neuromuscular junction synaptic excitability (8, 36, 37) . We compared the hatching frequency of eggs from Poe or Fmr1-deficient females following various periods of follicular storage, and observed that stored Poe mutant oocytes lost developmental competence at the same rate or even slightly faster than Fmr1 germline RNAi oocytes (Fig 4A) . The hatch rate of embryos derived from unstored (1 day) Poe mutant follicles was comparable to controls, demonstrating that Poe, like Fmr1, plays a functionally important and specific role in maintaining ovarian follicles during developmental arrest.
We analyzed the expression pattern of POE during follicle development, using our polyclonal antibody. POE protein was largely cytosolic during early oogenesis, and was strongly induced after the stage 8 checkpoint as follicles approach their final size. Beginning in nearly mature follicles, POE became associated with 0.5-2 micron spherical particles in germ cells (Fig. 4B) . The observed staining, including the specific particles, was not detected in ovaries expressing Poe germline RNAi but was unaffected by follicle cell-specific RNAi (Fig 4C-E) . POE particles were also absent in a Poe mutant which has a large reduction in Poe expression ( Figure 4F ). As predicted (Fig. 3D) , POE protein levels were reduced in Fmr1-germline RNAi and Fmr1-null egg chambers, and POE particles were drastically reduced or eliminated from Fmr1-germline RNAi and Fmr1-null follicles, respectively ( Figure 4G ,H). These data indicate that Poe is essential to maintain mature ovarian follicles in an arrested state, and that Fmr1 functions to induce POE accumulation and particle formation starting just prior to follicle completion.
When we analyzed the ventral nerve cords of embryos developing from Poe mutant females whose oocytes had been stored for 1 day, they were normal (Fig. 4I, J) . Remarkably, more than 50% of embryos developing from 8 day-aged oocytes from these same animals had a disrupted nervous system, and showed similar defects in neural commissures and connectives as in aged Fmr1 RNAi oocytes (Fig. 4I, J ). These observations demonstrate that
Poe is a major functional target of Fmr1, and that Poe is itself essential to maintain oocyte viability and neurodevelopmental competence during storage.
Previous attempts to identify Fmr1 targets largely relied on proximity-based strategies to identify cross-linked mRNAs followed by immunoprecipitation of FMR1 (21) (22) (23) associated genes identified by these authors were among the autism-related genes significantly affected in our assays (Table S3) . Thus, previous studies identified a subset of the targets seen using our approach.
A major difference with most previous studies is that FMR1 has generally been regarded as a translational repressor (21, 38, 39) , rather than a translational activator, as seen here. There have been some previous reports of FMR1 acting as a translational activator (23, 40, 41) . Indeed, the common association of FMR1 with translational repression may be indirect. E3 ubiquitin ligases are often large proteins, and at least six are positively regulated by Fmr1 (Table S1 ). Poe/Ubr4 in particular is a member of the N-end rule family of Nrecognins, which catalyzes the degradation of a broad range of substrates (42) . The loss of Poe/Ubr4 activity in FMR1-deficient cells would likely cause Poe/Ubr4 targets to be overexpressed. The phenotypic similarities between Poe/Ubr4 and Fmr1 mutants, including specific synaptic defects (8, 36) , and in egg storage, suggest that Poe/Ubr4 may be a functionally important Fmr1 target.
Why do the effects of FMR1 RNAi or Poe mutation on egg viability and neural development only occur after storage? Our experiments show that FMR1 RNAi already abolishes FMR1 protein (Fig. 1F ) and Poe expression (Fig. 4G) before oocytes enter storage.
The target genes we identified are already reduced within 1-2 days of storage, before oocytes lose the ability to develop normally. We propose that FMR1-deficient follicles fail because the levels of some or all of FMR1 target proteins decline further below critical levels over Specific human alleles associated with ovarian decline (46, 47) may exert a dominant negative effect that compromises stored primordial follicles as well as stored mature follicles, leading to primary ovarian insufficiency. At present, evidence is lacking that defects which may arise during storage of mature mammalian oocytes contributes later to neural defects like in Drosophila, but this would be worthy of investigation.
In conclusion, the discovery that FMR1 is needed to maintain the Drosophila oocyte's competence for neural development by boosting the translation of multiple large proteins that contribute to neural and cellular function provides fundamental new insight into development and senescence. We propose that this represents a general function for FMR1
in cells that rely heavily on translational control mechanisms, such as oocytes and neurons.
Improved knowledge of how FMR1 works and the identities of potentially important targets
open new opportunities to monitor susceptible cells, and to intervene to mitigate declining levels of the most critical targets. Small molecule agents that counteract the tendency of large mRNAs to be segregated into inactive granules represent a potentially valuable therapeutic approach in Fragile X patients. The possibility that key large proteins become reduced in other neurodevelopmental syndromes should also be considered. In particular, our data suggest that Poe/Ubr4 ranks as an important target whose role in disease should be further investigated. Finally, the likelihood that adult neurons use the pathways of translational regulation assayed here suggests that under-production of critical large proteins contributes to some adult-onset neural impairments such as schizophrenia and dementia.
Continued study of these highly conserved pathways in Drosophila represents a powerful and efficient means to address many of these issues. 
Follicle Survival Assay
Virgin female flies were collected over 8 hours at room temperature or 16 hours at 18C and were supplied with wet yeast paste (dry yeast + water to the consistency of peanut butter) for 24 hours. Fattened flies were then transferred to molasses vials or plates for the remainder of the experiment (180mL molasses, 44g agar, 37 mL 5% tegosept, 1112 mL water). Egg laying was induced by adding 10 3-8 day old males to 10 females on scored molasses plates for 24 hours. Prior to addition, males were kept separately from females for 2 days. Egg hatch rates were determined by visual examination.
Drosophila Ovary Immunostaining
Ovaries were dissected in Grace's buffer and fixed in 4% formaldehyde (37% formaldehyde diluted in PBST (0.2% BSA, 0.5% Triton X-100 in 1XPBS)) for 12 minutes.
Ovaries were washed 3 times in PBST for at least 20 mins per wash and incubated overnight with primary antibodies at 4C with gentle agitation on a nutator. Ovaries were then washed 3 times in PBST for at least 20 min per wash and incubated with secondary antibodies for either 2 hours at room temperature or overnight at 4C. Ovaries were then washed 3 times for 2 hours per wash in PBST, adding DAPI (5mg/mL stock diluted 1:20,000 in PBST) into the final wash. Primary antibodies used were anti-dFmr1 6A15 (1:1,000, Abcam) and Poe
(1:100). The Poe polyclonal rabbit antibody was generated against a recombinant N-terminal fragment containing residues 40-208 (Proteintech).
Quantitative Western Blots
Female flies were maintained on wet yeast paste with males for 5 days, and unstored mature follicles were isolated manually by filtration following collagenase treatment of are well-conserved between Drosophila targets and homologous human autism-related genes (as described in Supplementary Table 3 ).
